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Abstract 

The search for charginos and neutrahnos at LEP2 can become problematic if these 
particles are almost mass degenerate with the lightest neutralino. Unfortunately this 
is the case in the region where these particles are higgsino-like. We show that, in 
this region, radiative corrections to the higgsino mass splittings can be as large as 
the tree-level values, if the mixing between the two stop states is large. We also show 
that the degree of degeneracy of the higgsinos substantially increases if a large phase 
is present in the higgsino mass term 
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The search for charginos (x^) at LEP2 is one of the most promising ways of discovering 
low-energy supersymmetry. If the decays into the hghtest neutrahno and a virtual 
W~^, it can be discovered at LEP2 (with a J C = 500 pb^^) whenever its production cross 
section is larger than about 0.1-0.3 pb and m^o is within the range m^o ^ 20 GeV and 
— rriyX) ^ 5-10 GeV |]1|. Therefore, the chargino can be discovered almost up to the 
LEP2 kinematical limit, unless one of the following three conditions occurs: 

i) The sneutrino (z>) is light and the chargino is mainly gaugino-like. In this case the u 
t-channel exchange interferes destructively with the gauge-boson exchange and can reduce 
the chargino production cross section below the minimum values required for observability, 
0.1-0.3 pb. However, in a large fraction of the parameter space where this effect is im- 
portant, the two-body decay mode is kinematically allowed and dominates over 
the conventional three-body decays x^l^u, x^qq. The resulting signal, quite similar 
to the one caused by slepton pair production, allows the chargino search for much smaller 
production cross section, possibly as small as 20-60 fb fj]. 

m) The x° is very light {m^o ^ 20 GeV). In this case the ^'''-detection efficiency di- 
minishes, as the decrease in missing invariant mass makes the signal more similar to the 
W^W~ background. Such a light x^ is allowed by LEPl data, if the weak-gaugino mass 
(M) is smallQ, M -C My/. It is however ruled out by gluino {g) searches at the Tevatron |0] 
in models which assume gaugino mass unification, M = aMg/^asSiri^ 9]y). It should also 
be mentioned that no study has attempted to optimize the analysis in the low-m^o region, 
while specially designed experimental cuts could improve the chargino detection efficiency. 

iii) A+ = — m^o is small (A_|_ ^ 5-10 GeV) and the x~^ detection is problematic 
because of the lack of energy of the visible decay products 

In this letter, we concentrate on case {iii). Small values of A4. occur when the gaugino 
masses are much larger than Myr. In this region, the lightest chargino and the two lightest 
neutralinos (x°,x°') are mainly higgsino-like and are nearly degenerate^ with mass ~ fi. 
In ref. it has been suggested that this parameter region (M ^ Mw and fi ~ Mw), 
although problematic for chargino searches, can nevertheless be covered by neutralino 
searches. Indeed, in this case the production cross section at LEP2 is large (~ pb) 

^The parameter region where M and the higgsino mass (/i) are both smaU has been recently studied in 
ref. i. 

^It has been recently shown |4| that single-photon tagging cannot be used to observe charginos in the 
higgsino region under consideration. Ref. [Q has also considered a gaugino-like region where can 
become small in models without gaugino mass unification. 



and the mass difference Aq = f^x"' ~ always greater than A_|_, allowing a better 

identification of the visible decay products than in the chargino case. It is also worth 
recalling that the parameter region where M ^ Mw and fi ~ Mw has a special interest as 
a light higgsino-like chargino (together with a light stop) can increase the Standard Model 
prediction for Rf, 

Here we point out that, for M ^ and /i ~ Mw, Aq and A+ receive one-loop 
corrections proportional to m^, which can be as large as their tree-level values. We will 
also show that in the small tan (3 region, the tree-level values of Aq and A+ can be reduced 
if the /i parameter has a non-trivial phase. Finally, we will comment on the implications 
for chargino and neutralino searches at LEP2. 

First let us recall that, in the higgsino region under consideration (M ^ Mw, ~ Mw), 
the tree-level values of Aq and A+ are well approximated by a 1/M expansion^] 

Ao =2a^ + 26sin2/?^ + 0(l/M^), 

= [a + (a - l)esin2/5]^ + [(&-!) + fesin2/?]^^ 

where 



4 1 /M 2. 3 
""5 + 21m^*"" ^^-5 



1/ 9 \1/M „ 3\/M 



Here tan/? is the ratio of the two Higgs vacuum expectation values, e = yu/|yu| and M' is 
the hypercharge gaugino mass. The expansions in eq. (P break down when but this 
is not relevant here since, for M ^ Mw, LEPl data require /i > Mz/2. 

By comparing the leading 1/M terms in eq. ([^), one finds that Aq > A+ > for any 
(positive) value of M'. Assuming the gaugino mass unification condition M' = | tan^ 6wM, 
we obtain: 

A, = i(l-i^)A.H-0(l/M^). (3) 



Here we take M to be real and positive and /i to be real following the sign conventions of ref. [Q. A 
complex /i will be considered later. 
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Notice also that the critical region for chargino searches (A_|_ ^10 GeV) occurs when 
M ^ 400-600 GeV, depending on tan For the neutralinos, however, we have Aq ^ 10 
GeV for M ^ 1 TeV. 

General expressions for the one-loop corrections to chargino and neutralino masses are 
given in ref. [Q. To obtain simple analytical formulae we have computed the radiative 
corrections in the limit M oo. The only contributions arise from heavy quark-squark 
loops and 7(Z)-higgsino loops^: 

5Ao = 2G?mtsin2^t J2 (-l)''''^o(/i', m?, m|) + (t ^ b) , (4) 



i=l,2 



GtGbmt sin 2^b(-l)^+^5o(/^^ ml m? ) 

1=1.2 ' 



l2\GiBi{fi\mi,ml) + |/i|fff m,^ mf^) + {t ^ b) 



(5) 



a 

H /i 



Boifil /x^ 0) - 5o(/i^ /x^ MD - ^B.i^il O) + \b,{^i\ fx\ Ml) 



where 



H'" = {Gf cos' Ob + Gi sin' 6^, Gf sin' 9^ + Gi cos' 6^) , 

^ / SGf mt ^ / ?>Gf rrib 

* " VSv^vr'sin/?' V Sv^vr^ cos/3 ' 

Explicit expressions for the functions Bq and Bi, defined as 

Bn{p^, ml, ml) = — / dxx"' log[— p'a;(l — x) + m?(l — x) + mix — ie] {n = 0, 1) , (7) 
Jo 

can be found in ref. . The stop mixing angle 6t is defined such that ti = cos OftL + sin 6tt^ 
is the heavier mass eigenstate and t2 = — sin Otti + cos Otta is the lighter one; the sbottom 
mixing angle 9b is defined analogously. 

As expected, all terms in eqs. (|^) and (|^) vanish in the limit of exact electroweak 
symmetry. In this limit, all higgsino mass terms other than fi are forbidden. Notice that 
eq. @ also vanishes when the stop mixing angle is zero (neglecting the term proportional to 
mb), in spite of the presence of the electroweak breaking top-quark mass m^. This happens 
because, in order to generate a non-vanishing SAq, one has to break an /^-symmetry under 



"^The overall sign of SAq is chosen by assuming that the lightest neutralino is determined by the tree-level 
relation in eq. (pi). 



which the Higgs superfields Hi and H2 and the top quark superfields Ql, Ur carry charges 
R = {2,0,0,2}, respectively. This i?-symmetry, although not broken by the top mass, is 
violated by stop left-right mixing terms. 

The dominant contribution in eq. comes from the top-stop loops and it is approxi- 
mately given by 

6A0 ^ 2Gtmt sin 29t log 



max(mj , m?_^^ 



2 
ti 



for large mass splitting (m?^ ^ "^fj-'' "^^^ maximal stop left-right mixing (sin2^t ^ 1) 
eq. (|]) predicts \6Ao\ ~ 12 GeVx ( isogcV ) (sir?^) ^'^^ ^ ^^°P ^^^ss m^^ ~ 1 TeV. Under 
these conditions, the one-loop corrections to Aq can easily be of the order of the tree-level 
value. Notice, however, that these conditions on the stop mass parameters are not the 
ones that maximize the supersymmetric corrections to Rb p. The sign of the corrections 
depends on the sign of sin26'j, which in turn is proportional to the unknown value of the 
stop left-right mixing. Therefore 6Aq can either enhance or suppress the tree-level result. 

The contributions proportional to in eq. (^) never amount to more than a few GeV 
for any value of relevant to LEP2 searches. Therefore when tan/3 is not too large, 
eq. (H) approximately predicts: 

*A,c.^, (9) 

which mimics the tree-level relation of eq. (j^). On the other hand, for large tan/?, the 
second term in eq. can become important and may destroy the correlation between 
6A0 and given by eq. (0). 

Since the loop corrections to Aq and A4. are coming from electroweak breaking effects, 
it is necessary to check whether the same choice of parameters also leads to unacceptably 
large corrections to the electroweak observables at LEPl. We have verified that there are 
no large effects for either €2 or £3 |10| (or equivalently U or S ||Tl|). For instance, taking 



maximal mass splittings mf^ ^ mf^ > M| and m^^ ^ m^^ > M^, we find [|I2 



4sm'^ 9w 1^-2 _2 



S = eg 



a 127r 



log — ^ + sin^ 9t{4-3 sin^ 9t) log -4^ 

ti 12 



+ sin^ 9b(2 - 3 sin^ 9b) log — ^ - -(sin^ 29t + sin^ 29b) 

mf 4 

b2 



(10) 
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which is smaller than about 0.1, even for maximal squark left-right mixing and mass 
splittings as large as mi^/mi^ ~ ^bi/^b2 ~ 

More important is the constraint coming from the p parameter. The contribution from 



stop and sbottom loops gives |13 



3G { 



2 2 -1 



where 



+ sin^ Ot [ cos^ 9b f (m| , J + sin^ Obf (m| , mf^ ) 

- cos^ Ot sin^ etf{m\,m\^) - cos^ Ob sin^ Obfiml^^ml^) \ , (11) 



f{x,y) = log- + — — . 12 

X — y X 2 



In order to study the predictions on and 6Aq compatible with the present constraint 
on the p parameter, we first define the stop and sbottom squark mass matrices as 



2 f ^% + "^t + (I - I sin^ Ow) cos 2/5M| rnt{At - /i cot (3) 

rriT = { o o n n 

V mt{At- p cot (3) + + i sin^ Ow cos 2(3 _ 



(13) 



rrir 



'm~ + — (i — I sin^ ^vy) cos 2/9 M| mb{Ab — p tan l3) 



^ \ mb{Ab — p tan (3) m- + ml — ^sin^ 6 w cos 2(3 ^ 



"bR ' ■'"b 3 

Since we do not want to rely on specific model-dependent assumptions, we will treat the 
supersymmetry-breaking parameters m~ , rnf^, m? , At and Ab as free variables. The 
result of varying these five supersymmetry-breaking parameters (and the sign of p) com- 
patibly with the constraints Ap < 1 x 10~^ or 3 x 10"'^ is shown in fig. 1. We have chosen 
mt = 180 GeV and \p\ = 80 GeV, but the dependence on \p\ is insignificant within the 
range of interest for LEP2. Figure la corresponds to the case of minimal tan (3 consistent 
with perturbativity up to the GUT scale, sin (3 ~ mt/ {195 GeV). Figure lb corresponds to 
the case of maximal tan (3, tan (3 ~ mt/mb. The stop left-right mixing parameter At plays 
a crucial role, since 6Aq tends to zero in the limit sin2^^( —>■ 0. The largest effects on 6Ao 
are obtained for maximal stop mixing and mass splitting, m~ ~ mf ~ Atmt. Figure 1 
shows the comparison between the region of — 6Aq values which can be obtained by 
requiring \At\ = \2At/{m^^ < 1 that where \At\ < 3. For \At\ < 1, the regions 

in the (5A_|_ — 6Ao space where Ap < 1 x 10^^ and Ap < 3 x 10~^ are about the same. 
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Although constraints from the p parameter reduce the maximum values of ^Aq with 
respect to the estimate in eq. (|^), the effect of the one-loop corrections to Aq can still be 
sizeable, possibly of the order of the tree-level contributions. The relation between 5Ao 
and 5A+ in eq. (^) is a good approximation for the small tan/5 (see fig. la), but deviations 
can appear for very large values of tan/? (see fig. lb). 

Finally, we want to show how the values of A_|_ and Aq in eq. (p can be modified when 
the /i parameter is allowed to be complex. The electric dipole moments of the neutron 
and electron put severe constraints on the phase of /i [Q. Nevertheless these constraints 
can be relaxed if the masses of the first generation of squarks and sleptons or the gaugino 
masses are much larger than /x. For example, if the first generation of squarks and sleptons 
masses are larger than ~ 1 TeV, no limits can be placed on the phase of /i. Such large 
masses are allowed in scenarios with non-universal soft masses without problems of fine 



tuning |jT5|. For a complex /i parameter, jj, = l/ile**^, and M real and positive, we find: 
M,i 2 sin 2/3 cosy? 



Ao 

A^ 



r\n\ 



2^1 

M2 



+ (r^ - l)a 



M2 



+ 0(1/M' 



A iVf 2 

^ + sin2/5cos<^(a-l)^ + |/i|(6 



M2 



+ 



1 - + (2r2 - 2 - cos^ 2/3)a^ 



2|/i|M2 



+ 0{1/M^ 



where 



(14) 



(15) 



1 — sin^ 2/? sin^ (f . 

By comparing the leading 1/M terms in eq. (0), we find Aq > A+ > 0, for any value of y? 
and M'/M. If we assume the unification condition M'/M = 5tan2 6't^/3, then A+/Ao < 
5/8 for any (p. Notice that the effect of a non-trivial phase is always to reduce the value 
of Aq with respect to the cases <y9 = 0, vr. However, for large tan/?, the dependence of A+ 
and Aq on the phase if disappears. This happens because, in the limit (Hi) —>■ 0, one can 
rotate away the phase y? from the chargino and neutralino mass matrices. On the contrary, 
for small tan/3, the effect of y? on A+ and Aq can be significant. In the limit tan/3 1 
and ip 7r/2, the leading 1/M contribution to eq. (|T^ vanishes and therefore A_(_ and Aq 
are drastically reduced. In this case, A+ can even become negative and the chargino may 
be the lightest supersymmetric particle. 
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In conclusion, we have shown that in the higgsino region (M ^ M^, fi ~ M^) the 
one-loop corrections to the mass splittings A+ and Aq can be of the same order of the tree- 
level values. The effect is significant only if the mixing angle and the mass splitting of the 
two stop states are large. Depending on the sign of the stop mixing angle, these corrections 
can decrease or increase the mass splittings A+ and Aq. Thus, radiative corrections can 
make charginos and neutralinos very degenerate in mass for values of M much smaller 
than previously thought. The opposite can also happen, and radiative corrections can 
allow the discovery of charginos and neutralinos at LEP2 in parameter regions predicted 
to be problematic by the tree-level relations. The values of A+ and Aq can also be reduced 
if /i has a large phase and tan/? ~ 1. 

If tan (3 is not too large, the one-loop corrections to A+ and Aq are correlated, see eq. @ 
and fig. la, and mimic the tree- level relation, see eq. (^. Therefore the conclusion of ref. 
that neutralino search is an important experimental tool in the study of the higgsino region 
remains valid. However the relation between A_|_, Aq and the gaugino masses can be lost. 
Finally, if tan j3 is extremely large, sbottom loop corrections can partially spoil the A^ — Aq 
correlation, and higgsino mass splittings more critically depend on the parameter choice. 

We thank M. Carena, M. Mangano and C. Wagner for interesting discussions and very 
helpful suggestions. We also thank D. Pierce for useful correspondence. 
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Figure Captions 



Fig. 1: Region of values in the 6A^ — 6Aq plane obtained by varying the supersymmetry- 
breaking parameters defined in eq. (p!3D, with rrit = 180 GeV, = 80 GeV, tan/5 = 2.4 
(fig. la) and tan j3 ~ mt/mi, (fig. lb). The different fines correspond to different constraints 
on lAfel and Ap. 
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